adaptive immune responses. Despite the presence of TLRs in vascular cells, the exact mechanisms whereby TLR signaling affects the function of vascular tissues are largely unknown. Cardiovascular diseases are considered chronic inflammatory conditions, and accumulating data show that TLRs and the innate immune system play a determinant role in the initiation and development of cardiovascular diseases. This evidence unfolds a possibility that targeting TLRs and the innate immune system may be a novel therapeutic goal for these conditions. TLR inhibitors and agonists are already in clinical trials for inflammatory conditions such as asthma, cancer, and autoimmune diseases, but their study in the context of cardiovascular diseases is in its infancy. In this article, we review the current knowledge of TLR signaling in the cardiovascular system with an emphasis on atherosclerosis, hypertension, and cerebrovascular injury. Furthermore, we address the therapeutic potential of TLR as pharmacological targets in cardiovascular disease and consider intriguing research questions for future study.
I. Introduction
Pattern recognition receptors (PRRs) are important components of the innate immune system responsible for recognizing and responding to danger and damage. PRRs are numerous and are expressed on a wide range of immune and nonimmune cells, including tissues of the cardiovascular system (Mann, 2011) . PRRs have the ability to recognize unique evolutionarily conserved motifs. As a result, distinct molecular patterns that range from pathogen-associated molecular patterns (PAMPs) to damage-associated molecular patterns (DAMPs) can activate PRRs, with unique and exclusive proinflammatory cascades (Kono and Rock, 2008) . The unique signaling cascades for distinct PRRs allow for the induction of specific responses. This specificity may be attributed to the type of cell or cellular compartment where the PRR is expressed (Dauphinee et al., 2011) and/or the defense needed for that particular tissue (Matzinger and Kamala, 2011) . The ability of PRRs to discriminate distinct molecular patterns and induce exclusive signaling cascades expands the defensive repertoire of the innate immune system. Characterization and knowledge of the PRRs that recognize and respond to DAMPs and PAMPs is growing exponentially. Toll-like receptors (TLRs), receptors for advanced glycation end products, and nucleotide-binding oligomerization domain-like receptors (NLRs) are all examples of PRRs of the innate immune system. Particularly, TLRs have provided important new insights with respect to our understanding of the role of inflammation in health and disease (Beutler, 2004) .
The Toll receptor was first discovered in Drosophila melanogaster when researchers found that a mutation in the Toll gene resulted in abnormal development (Anderson et al., 1985) . The embryos carrying the mutation were termed Toll, German for "wow." A more closely related human homolog to Drosophila Toll was subsequently identified (Medzhitov et al., 1997) , and the human Toll was then renamed TLR4 because it was "Toll-like." Toll-like receptors are responsible for recognizing and initiating an inflammatory response to microbial components expressed by bacteria, fungi, protozoa, and viruses as well as endogenous molecules that are released by dying cells or are generated as a result of tissue injury and oxidation (Rifkin et al., 2005; Jin and Lee, 2008) . The low complexity of TLR signaling, including four adapter molecules and three downstream inflammatory transcription factors (Beutler, 2004) , presents an efficient means at upregulating proinflammatory genes. The inflammatory genes expressed as a result of TLR activation include cytokines, whose expression pattern guides the adaptive immune response (e.g., cell-mediated Th1 response or the humoral/antibody Th2 response), chemokines (chemotactic cytokines) that guide the migration of immune cells to target tissues, and cell adhesion molecules that promote the binding, rolling, and infiltration of immune cells into the vascular wall and translocation to end organs (Lundberg et al., 2013) .
Mounting evidence demonstrates that TLRs and the innate immune system play a determinant role in the development of cardiovascular diseases, which are now recognized as chronic inflammatory conditions. Furthermore, recent studies show that in addition to pathogens, TLRs respond to circulating host-derived molecules (DAMPs) released from dying and damaged cells after hypoxia, trauma, and cell death. It has been proposed that prolonged or excessive activation of TLRs on immune and vascular cells induces chronic low-grade inflammation, leading to endothelial dysfunction and subsequent cardiovascular disease. To highlight these new findings, we review the current knowledge of TLR signaling in the cardiovascular system with an emphasis on atherosclerosis, hypertension, and cerebrovascular ABBREVIATIONS: ApoE, apolipoprotein E; CD, cluster of differentiation; CaMKII, Ca 2+ /calmodulin-dependent protein kinase; DAMPs, damageassociated molecular patterns; HSP, heat shock protein; IFN, interferon; IKK, IkB kinase; IL, interleukin; IRAK, interleukin 1 receptor-associated kinase; IRF, interferon regulatory factor; LDL, low-density lipoprotein; LPS, lipopolysaccharide; MAL, MyD88-adapter-like; MAPK, mitogen activated protein kinase; MyD88, myeloid differentiation primary response gene 88; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PAMPs, pathogen-associated molecular patterns; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PRRs, pattern recognition receptors; RIP-1, receptor-interacting serine/threonine-protein 1; SARM, sterile a-and armadillo-motif-containing protein; SHR, spontaneously hypertensive rats; TAK1, transforming-growth-factor-b-activated kinase 1; TIR, Toll/interleukin-1 receptor; TIRAP, TIR domain containing adapter protein; TLR, Tolllike receptors; TNF-a, tumor necrosis factor a; TRAF6, tumor necrosis factor-receptor-associated factor 6; TRAM, TIR-domain-containing adapterinducing interferon-b related adapter molecule; TRIF, TIR-domain-containing adapter-inducing interferon-b; UNC93B1, Unc-93 homologue B1.
Toll-like Receptors and the Vasculature injury. Furthermore, we address the therapeutic potential of TLR as pharmacological targets in cardiovascular disease and consider intriguing research directions for future study.
II. Overview of the Toll-like Receptor Family

A. Structure and Function
TLRs are expressed on specialized immune cells (e.g., macrophages and dendritic cells) as well as on nonimmune cells (e.g., epithelial, fibroblast, and endothelial cells). TLRs are type I transmembrane domain glycoproteins comprised of 1) an amino (N)-terminal ectodomain domain that contains leucine rich repeats and mediates ligand recognition, 2) a single transmembrane spanning domain that determines cellular localization, and 3) a carboxyl (C)-terminal globular cytoplasmic Toll/ interleukin-1 (IL-1) receptor (TIR) domain that mediates downstream signaling (Takeda and Akira, 2005) .
TLRs recognize viral and bacterial products (i.e., PAMPs) as well as fungi and host-derived endogenous molecules (i.e., DAMPs). This capacity of TLRs gives them both a protective role against microbial infections and a homeostatic role in response to endogenous materials. Thus far it has been shown that there are 10 TLR genes in humans (TLR1-TLR10) and 12 (TLR1-TLR9, TLR11-TLR13) in mice (Table 1) (Roach et al., 2005; Kawai and Akira, 2009 ). Broadly, TLRs may be divided into two groups based on their cellular localization when sensing their respective ligands. TLRs 1, 2, 4-6, and 11 localize to the cell surface (cell surface TLRs), and TLRs 3, 7-9, and 13 reside at endosomal compartments (intracellular TLRs) (O'Neill et al., 2013; Kawasaki and Kawai, 2014) . Cell surface TLRs respond to microbial membrane materials such as lipids, lipoproteins, and proteins, and intracellular TLRs recognize bacteria-and virus-derived nucleic acids ( Fig. 1) (Kawasaki and Kawai, 2014) .
TLR4 is the receptor for the Gram-negative bacterial product lipopolysaccharide (LPS) (Poltorak et al., 1998; Hoshino et al., 1999; Qureshi et al., 1999) . TLR2 responds to bacterial lipopeptides (Takeuchi et al., 2001; Jin et al., 2007; Kang et al., 2009 ) but can also sense nonlipopeptidic PAMPs (Kawai and Akira, 2009 ). TLR5 primarily senses flagelin, a structural component of flagellated bacteria . Human TLR10 recognizes ligands from listeria in collaboration with TLR2 (Regan et al., 2013) , whereas mouse TLR10 contains a stop codon and, thus, it is a pseudogene (Kawasaki and Kawai, 2014) . TLR10 also responds to influenza A virus infection (Lee et al., 2014) . Mouse TLR11 detects flagelin (Madhur et al., 2010) , a component of uropathogenic bacteria , and binds to the Toxoplasma gondii profiling protein (Yarovinsky et al., 2005) . The latter action occurs in cooperation with TLR12 (Andrade et al., 2013) . Mouse TLR13 detects bacterial ribosomal RNA (Oldenburg et al., 2012) and components of vesicular stomatitis virus . TLR3 recognizes doublestranded RNA, which is component of many viruses (Alexopoulou et al., 2001 ) but also senses small interfering RNAs and self-RNAs derived from damaged cells (Zhang et al., 2007; Bernard et al., 2012) . TLR9 specifically responds to cytosine-phosphate-guanine (CpG)-rich hypomethylated DNA motifs (Hemmi et al., 2000) , which are primarily found in bacterial, mitochondrial, and fetal DNA, but rarely in vertebrate adult DNA (Stacey et al., 2003) . More recent findings show that TLR9 also responds to herpes virus DNA (Lund et al., 2003) as well as to hemozoin, a byproduct generated by Plasmodium falciparum (Coban et al., 2010) . TLR7 and TLR8 were shown to detect singlestranded viral RNA (Heil et al., 2004) . TLR7 also detects RNA from streptococcus B bacteria (Mancuso et al., 2009) . Collectively, TLRs provide rigorous surveillance of both intracellular and extracellular compartments, sensing most viral and bacterial molecular signatures (Fig. 2) . In the last decade, however, there is supporting evidence to suggest that TLRs are components of a defense mechanism against host-derived molecules released from dying and damaged cells (Fig. 2) .
B. Assembly and Accessory Proteins
Most TLRs are homodimeric, but some form heterodimers. Before ligand binding, TLRs occur as dimers in a low-affinity complex [inactivated conformation (Latz et al., 2007; Tanji et al., 2013) ]. Ligand binding causes conformational changes that promote engagement of the two TIR domains of the cytosolic site of each receptor. As the TIR domains come in close proximity, a new signaling platform is created (O'Neill and Bowie, 2007) . The formation of this signaling platform is required for the recruitment of cytosolic TIR domaincontaining adapters, a key step in TLR signaling (Fig.  3 ). TLR4 homodimerizes (Poltorak et al., 1998; Hoshino et al., 1999; Qureshi et al., 1999) , whereas TLR2 forms either a homodimer or a heterodimer with TLR1 and TLR6 (Takeuchi et al., 2001; Jin et al., 2007; Kang et al., 2009) . TLR10 has similar sequence to TLR1 and has been shown to form heterodimers with TLR1 and TLR2 (O'Neill et al., 2013) . TLR12 functions as a homodimer or as a heterodimer with TLR11 (O'Neill et al., 2013). Mammalian TLRs are grouped into six major families based on amino acid similarity, genomic structure and ligand properties. TLR10 is a pseudogene. Family   1  TLR1, TLR2, TLR6, TLR10  3  TLR3  4  TLR4  5  TLR5  7  TLR7, TLR8, TLR9  11 a mTLR11, mTLR12, mTLR13
TLR
a Letter "m" preceding some TLRs indicate "mouse." The remaining TLRs are shared by all mammals.
Several transmembrane proteins play the role of coreceptors in TLR signaling. The ability of TLRs to cooperate with accessory proteins increases the range of ligands that TLRs can recognize. Cluster of differentiation (CD) 14 is a coreceptor of TLR4 and MD2 (lymphocyte antigen 96) and plays a role in LPS recognition (Zanoni et al., 2011) . Moreover, CD14 is an accessory protein in TLR7 and TLR9 signaling (Baumann et al., 2010) . CD36, Fig. 1 . Cell surface and intracellular Toll-like receptors (TLRs) and their ligands. TLRs are divided into two groups based on their cellular localization when sensing their respective ligands. TLRs 1, 2, 4-6, and 11 localize to the cell surface (cell surface TLRs) and TLRs 3 and 7-9 reside at endosomal compartments (intracellular TLRs). Cell surface TLRs respond to microbial membrane materials such as lipids, lipoproteins, and proteins, whereas intracellular TLRs recognize bacteria-and virus-derived nucleic acids. Fig. 2 . Exogenous and endogenous Toll-like receptor ligands. Categories of pathogen-associated molecular patterns (exogenous ligands) and damageassociated molecular patterns (endogenous ligands). HMBG1, high-mobility group box 1; HSP, heat shock protein; LDL, low-density lipoprotein; LPS, lipopolysaccharide; MRP, myeloid related protein; TFAM, mitochondrial transcription factor A Toll-like Receptors and the Vasculature a class B scavenger receptor, has a role in amyloid-b and oxidized low-density lipoprotein (LDL) recognition. Recognition of these ligands triggers the formation of a trimeric complex composed of CD36 and TLR4/TLR6 heterodimer (Stewart et al., 2010) .
C. Adapter Molecules and Kinases
The recruitment of adapter proteins represents the early phase of TLR signal transduction and, consequently, the first step in innate immune system activation. To date, five adapters have been described in relation to TLR signaling: myeloid differentiation primary response gene 88 (MyD88), MyD88-adapter-like [MAL or TIRAP (Toll-Interleukin 1 receptor domain containing adapter protein)], TIR domain-containing adapter protein inducing interferon (IFN) b (TRIF or TICAM1), and sterile a-and armadillo-motif-containing protein (SARM). These proteins are involved in two main pathways, a MyD88-dependent and a TRIFdependent pathway that lead to production of inflammatory cytokines or type I IFNs, respectively (Fig. 3) .
1. Myeloid Differentiation Primary Response Gene 88-dependent Pathway. MyD88-deficient mice revealed that MyD88 was necessary for signaling by various TLRs, such as TLR2, TLR4, TLR5, TLR7/8, and TLR9 Takeuchi et al., 2000) . Currently, it is known that MyD88 is involved in signaling by all TLRs (except TLR3). In addition to its TIR domain, MyD88 has a death domain in the N terminus that interacts with a family of four death domain-containing kinases, the IL-1R-associated kinases (IRAKs) (Wesche et al., 1997) . IRAK4 is the most important receptorproximal kinase (Flannery and Bowie, 2010) and is believed to be the first kinase to engage with MyD88 Burns et al., 2003) . Supporting the vital importance of IRAK4, studies in IRAK4-deficient human and mouse cells showed a profound reduction in TLR responses (Suzuki et al., 2002; Medvedev et al., 2003) . Interaction of MyD88 with IRAK4 promotes IRAK4 autophosphorylation and subsequent recruitment of IRAK1 and IRAK2. Concomitant deficiency of IRAK1 and IRAK2 results in similar phenotype with that presented by IRAK4-deficient cells and mice (Kawagoe et al., 2008) , whereas single knockout mice (either IRAK1 or IRAK2 deficient) have only partial impairments in TLR signaling (Thomas et al., 1999; Kawagoe et al., 2008) . This evidence suggests that there is redundancy between IRAK1 and IRAK2. Nevertheless, both kinases are of equal importance, because it has been shown that IRAK1 has a role in the initial activation of nuclear factor kappalight-chain-enhancer of activated B cells (NF-kB), whereas IRAK2 plays an important role in sustained Fig. 3 . Toll-like receptors, adapter proteins, and signaling molecules. With the exception of TLR3, all TLRs recruit the adapter protein, myeloid differentiation primary response gene 88 (MyD88). In addition, TLRs 1, 2, 4, and 6 recruit the adapters cluster of differentiation 14 (CD14, not shown), which is required for lipopolysaccharide (LPS) binding, and Toll-Interleukin 1 receptor domain containing adaptor protein (TIRAP), which links the conserved C-terminal intracellular Toll/interleukin-1 receptor (TIR) domain with MyD88. In the MyD88-dependent pathway, the MyD88 recruits interleukin 1 receptor-associated kinase (IRAK), which interacts with the adapter protein tumor necrosis factor-receptor-associated factor 6 (TRAF6) and provides a link to nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) translocation. The MyD88-dependent pathway also facilitates expression of mitogen-activated protein kinase (MAPK) and transcription factors, such as interferon regulatory factors (IRFs), driving the production of proinflammatory mediators, including cytokines and chemokines. Activation of TLR3 initiates the TIR-domain-containing adapterinducing interferon-b (TRIF)-dependent pathway, whereas TLR4 can signal via either MyD88-dependent or TRIF-dependent pathways requiring the additional linker adaptor TRIF-related adaptor molecule (TRAM) to associate with TRIF. In the TRIF-dependent pathway, TRIF interacts with TRAF3 to activate IRF3 initiating IFN-b production, which is the hallmark of the host innate response to viral infection. activation of TLRs (Kawagoe et al., 2008) . Activation of IRAKs causes recruitment of the E3 ubiquitin ligase, tumor necrosis factor (TNF)-receptor-associated factor 6 (TRAF6) to the receptor complex (Qian et al., 2001 ). This event leads to activation of TRAF6 and its release into the cytosol, where it forms a complex with transforminggrowth-factor-b-activated kinase 1 (TAK1), TAK1-binding protein 1, and TAK1-binding protein 2/3 (Qian et al., 2001) . TAK1 activation within the TRAF6 complex leads to activation of two pathways: 1) the IkB kinase (IKK) complex-NF-kB pathway (IKK complex: NF-kB essential modulator, IKKa, and IKKb), and 2) the mitogen activated protein kinase (MAPK) pathway. IKK activation promotes the phosphorylation and proteosomic degradation of IkB, allowing NF-kB to translocate into the nucleus to promote cytokine gene transcription (Napetschnig and Wu, 2013) . Concurrently, TAK1 induces activation of the MAPK family, such as extracellular-signal-regulated kinase 1/2, p38, and Jun amino-terminal kinase, mediating activation of activator protein 1 and cyclic adenosine monophosphate response element-binding protein, which also play a role in cytokine gene expression (Takeuchi and Akira, 2010) . Thus, the net result of MyD88-signaling pathway is production of cytokines. However, in specialized immune cells such as plasmacytoid dendritic cells, MyD88 signaling also results in expression of type I IFNs (Honda et al., 2004; Uematsu et al., 2005) .
The recent discovery of the myddosome, an oligomeric signaling platform that contains components of MyD88 and IRAKs, has provided invaluable information about the mechanisms of receptor proximal events in MyD88-dependent TLR activation . It is thought that the myddosome assembly occurs in a sequential hierarchical manner such as that ligand binding triggers conformational changes in TLR-TIR domains that allow the recruitment of large helical oligomers containing the death domains of MyD88, which then recruit IRAK4 and lead to its interaction with IRAK1 or IRAK2 (Motshwene et al., 2009; Lin et al., 2010) . Another TIR-containing adapter protein, which is known as MAL or TIRAP, aids into the stabilization of the MyD88 oligomerization at the receptor (Valkov et al., 2011) . Initially, it was suggested that MAL might represent a MyD88-independent signaling, but it is now recognized that MAL is a bridging adapter that links MyD88 to TLRs and, in particular, to TLR4 and TLR2 (Horng et al., 2002; Yamamoto et al., 2002) . MAL, however, also has MyD88-independent properties. It has been proposed that MAL may participate in the recruitment of TRAF6 to a signaling complex because it contains a TRAF6-binding domain (Mansell et al., 2004) . In addition to recruiting MyD88 to cell surface TLRs (TLR2, TLR4), MAL is also involved in signaling through endosomal TLRs (TLR7, TLR8, TLR9) and is present in myddosomes induced by both endosomal and cell surface TLRs (Bonham et al., 2014) .
2. Toll/Interleukin-1 Receptor Domain-Containing Adapter-Inducing Interferon-b-dependent Pathway. TRIF is a TIR-containing adapter that is used by both TLR3 and TLR4 (Yamamoto et al., 2002 (Yamamoto et al., , 2003a Oshiumi et al., 2003) . Recruitment of TRIF by these receptors allows interaction of TRAF6 and TRAF3 with the receptor complex (Kawasaki and Kawai, 2014) . TRAF6 recruits the receptor-interacting serine/ threonine-protein 1 (RIP-1) kinase, and this leads to activation of the TAK1 complex, which subsequently activates NF-kB and MAPKs, leading to induction of proinflammatory genes Gohda et al., 2004) . TRAF3, on the other hand, recruits TRAF Family Member-associated NF-kB Activator-binding kinase 1, inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase epsilon, and NF-kB essential modulator, leading to interferon regulatory factor (IRF)3 activation and translocation to the nucleus, to induce expression of type I IFN genes. In contrast to TLR3, TLR4 does not directly interact with TRIF, but instead it requires a bridging adapter protein, TRAM, to transduce its signal (Yamamoto et al., 2003b) . TRAM is considered the most restricted of the adapters, because it appears to function only in the TLR4 pathway (O'Neill and Bowie, 2007) . In addition to NF-kB and IRF3 activation, TRIF is involved in TLR3-mediated apoptosis (Kaiser and Offermann, 2005) . It is thought that TRIF is the only adapter protein involved in TLR signaling that has the ability to mediate apoptosis. This pathway involves RIP-1, Fasassociated protein with death domain, and caspase-8 (Han et al., 2004; Ruckdeschel et al., 2004) .
SARM is a TIR-containing adapter protein that in contrast to MyD88, TRIF, MAL, and TRAF, does not induce activation of NF-kB (Liberati et al., 2004) . Its importance in TLR signaling is due to its inhibitory effects on TRIF (Carty et al., 2006) . SARM expression blocks TRIF-dependent transcription factor activation and gene induction but has no effect on MyD88 signaling. The exact mechanisms by which SARM inhibits TRIF are not well understood but it has been postulated that the interaction between the two proteins prevents the recruitment of downstream effector proteins such as RIP-1, TRAF6, and TANK-binding kinase 11 (O'Neill and Bowie, 2007) .
D. Trafficking 1. Trafficking of Nucleic Acid-sensing Toll-like Receptors. All TLRs are synthesized in the endoplasmic reticulum and traffic to the Golgi before they are recruited to their respective cellular compartment, where they will recognize their ligand. TLR trafficking is a tightly regulated process of high importance, because it ensures that nucleic acid-sensing TLRs do not come in contact with self-nucleic acids. UNc-93 homolog B1 (UNC93B1) is a multipass transmembrane protein that plays a role in trafficking of nucleic acidsensing TLRs from the endoplasmic reticulum to the Toll-like Receptors and the Vasculature endosomes (Kim et al., 2008) . UNC93B1 binds with nucleic acid sensing TLRs in the endoplasmic reticulum, where it loads them into coat protein complex II vesicles and transports them into intracellular compartments (endolysosomes) passing first through the Golgi complex (Chow et al., 2015; Lee et al., 2013) . Mutation in one of the transmembrane domains of UNC93B1 abolishes IFN expression induced by TLR3, TLR7, and TLR9 activation, suggesting that UNC93B1 is involved in the intracellular transport of these TLRs (Kim et al., 2008) . UNC93B1 also regulates excessive TLR7 signaling by recruiting TLR9 to counteract TLR7 (Fukui et al., 2009 ). In the case of TLR9 trafficking, interaction with the adapter protein-2 complex is also required Chow et al., 2015) . Protein associated with Toll-like receptor 4 is another resident protein of the endoplasmic reticulum that does not discriminate between intracellular and cell surface TLRs and plays a role in the exit of TLR1, TLR2, TLR4, TLR7, and TLR9 from the endoplasmic reticulum and their trafficking to plasma membrane and endosomes . Glycoprotein 96, a member of the heat-shock protein 90 family, is involved in the folding of TLRs . During their transport, the nucleic acid-sensing TLRs are cleaved by various proteases, including cathepsins B, S, L, H, and K; asparagine endopeptidase; and furin-like proprotein convertases (Ewald et al., 2008 (Ewald et al., , 2011 Garcia-Cattaneo et al., 2012) . Nucleic acids are able to bind to uncleaved TLRs, but this interaction cannot trigger a downstream signal (Ewald et al., 2008) . Thus, in addition to TLR trafficking, proteolytic regulation is an important step in activation of endosomal TLRs.
2. Endocytosis of Toll-like Receptor 4. TLR4 activates MyD88-dependent and TRIF-dependent pathways, which leads to the production of proinflammatory cytokines and type I interferons, respectively. The TIRAP/MyD88-dependent pathway is induced from the plasma membrane; however, TLR4 translocation into the endosomal compartments is required for TRAM/ TRIF signaling to occur. CD14, a PRR that chaperones LPS molecules to the TLR4/MD-2 signaling complex (da Silva Correia et al., 2001) , controls the endocytosis pathway that is responsible for TLR4 translocation from the plasma membrane to the endosomes (Zanoni et al., 2011) . In resting cells, TRAM is colocalized with TLR4 at the plasma membrane and in the Golgi apparatus (Rowe et al., 2006) . After TLR4 activation, TRAM is delivered to the endosomes, and this translocation is controlled by a bipartite sorting signal (Kagan et al., 2008) . Translocation of both TLR4 and TRAM to endosomes is a prerequisite for the production of TLR4-induced type I interferon responses (Kagan et al., 2008 ).
E. Toll-like Receptor Signaling Regulators
Various negative regulatory mechanisms are in place to provide tight regulation of TLR signaling and avoid an exaggerated immune response. Loss or deficiencies of these regulatory signals may be involved in the development of immune-mediated and inflammatory diseases. Soluble decoy receptors have been described for some TLRs. Six sTLR2 isoforms have been reported to be present naturally in human plasma (LeBouder et al., 2003) . In vitro studies showed that recombinant sTLR4 inhibited LPS-induced activation of NF-kB and production of TNF-a in macrophages (Iwami et al., 2000) . It is thought that sTLR4 reduces TLR4 function by interrupting the interaction of the receptor with its coreceptors MD2 and CD14 (Liew et al., 2005) . sTLR2 abolished bacterial lipopeptide-induced production of IL-18 and TNF-a in monocytes (Iwaki et al., 2002) . In addition to naturally occurring soluble decoy receptors, intracellular molecules also play a negative regulatory role in TLR signaling. MyD88s is a splice variant of MyD88 that lacks an interdomain that interacts with IRAK4 (O'Neill and Bowie, 2007) . MyD88s inhibits the recruitment of IRAK4 to MyD88 and thus it prevents activation of NF-kB . Overexpression of MyD88s inhibits NF-kB activation but does not affect activator protein 1 or Jun amino-terminal kinase activation . IRAKM is a member of the IRAK family that has restricted expression (Wesche et al., 1999; Kobayashi et al., 2002) . IRAKM does not interfere with the recruitment of IRAK1 to MyD88 . It may inhibit, however, the disassociation of IRAKS and TRAF6 from the TLR complex . Suppressor of cytokine signaling 1 is a nonredundant negative regulator of TLR signaling (Nakagawa et al., 2002) . It primarily affects TLR4 and TLR9, whereas inhibitory effects upon other TLRs have not been reported (Kinjyo et al., 2002; Nakagawa et al., 2002) . Some have suggested that the effect of suppressor of cytokine signaling 1 on TLR signaling is indirect through inhibition of type I IFN signaling, but additional studies are needed to confirm these reports (Baetz et al., 2004) . Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K), a member of the class IA family, is an effective negative regulator of TLR signaling. Although the exact mechanism by which PI3K inhibits TLRs is unclear, it has been reported that PI3K triggers inhibition of IL-12 synthesis and prevents the overexpression of a Th1 response (Fukao et al., 2002) . Toll-interacting protein, IRAK2c, and IRAK2d have been found to selectively inhibit IRAK function (Burns et al., 2000; Zhang and Ghosh, 2002) , whereas A20, a cysteine deubiquitylating enzyme, suppresses TLR signaling by deubiquitylating TRAF6, a common signal component of all TLRs (Boone et al., 2004) . In addition to intracellular molecules, transmembrane proteins play a role in TLR regulation. ST2L (suppressor of tumorigenicity 2) has a negative regulatory role in TLR2, TLR4, and TLR9 signaling. Suppressor of tumorigenicity 2 interacts with MyD88 and MAL and sequestrates MyD88-induced NF-kB activation . Single immunoglobulin interleukin-1-related receptor interacts with TLR4 and IRAK, inhibiting transduction of their signal (Wald et al., 2003) . Both ST2L and single immunoglobulin interleukin-1-related receptor are negative regulators of MyD88-dependent signaling but have no effect on MyD88-independent pathway. On the other hand, tumor-necrosis factor-related apoptosis-inducing ligand receptor, a member of the TNF family, affects both MyD88-dependent and -independent pathways (Diehl et al., 2004) . Reduction of TLR expression is another mechanism that can negatively regulate TLR signaling. This may be accomplished by degradation of TLRs or inhibition of TLR expression via the action of antiinflammatory cytokines (Liew et al., 2005) .
III. The Role of Toll-like Receptor Signaling in Cardiovascular Dysfunction
Until recently, there has been limited knowledge of the role of the innate immune system in the pathogenesis of cardiovascular diseases (Mann, 2011) . As a result, various components of the innate immune system, and in particular TLRs, are becoming a significant research focus in the field of cardiovascular pathophysiology, including atherosclerosis, hypertension, and stroke (McCarthy et al., 2014; .
A. Atherosclerosis
At one time, atherosclerosis was thought to be a simple lipid storage disease. Now however, atherosclerosis is recognized as a chronic and progressive inflammatory condition, and this inflammation occurs hand-in-hand with incipient lipid accumulation in the arterial wall (Libby et al., 2002) . As a result, TLRs have been implicated as significant contributors to the pathogenesis of atherosclerosis (Vink et al., 2004; Cole et al., 2013) . Further implicating the contribution of TLRs to atherosclerosis pathogenesis is the knowledge that oxidized lipoproteins are DAMPs that can activate TLR signaling (Miller, 2005) . TLRs have been conclusively linked with the initiation of atherosclerosis, including being expressed on local vascular cells and recruited immune cells (Cole et al., 2010) . Moreover, TLRs contribute to the progression of atherosclerosis, including being expressed in atherosclerotic lesions (Edfeldt et al., 2002) and contributing to matrix degradation (Monaco et al., 2009 ) and plaque destabilization (Ishibashi et al., 2013) .
The most well studied TLRs in atherosclerosis are the plasma membrane bound TLR2 (Curtiss and Tobias, 2007) and TLR4 . The contribution of TLR2 to atherosclerosis has been observed with both the TLR2-TLR1 heterodimer (Mullick et al., 2005; Qi et al., 2009; Curtiss et al., 2012) and TLR2-TLR6 heterodimer (Curtiss et al., 2012) in the two prominent animal models of atherosclerosis, apolipoprotein E (ApoE)-and LDL receptor-deficient mice. Moreover, TLR2 activation causes macrophage lipid accumulation (Kazemi et al., 2005) ; induces a dedifferentiated, migratory, and proliferative phenotype in vascular smooth muscle cells (de Graaf et al., 2006; Lee et al., 2012) ; and initiates an inflammatory reaction in endothelial cells (Triantafilou et al., 2007) . Similarly, TLR4 deficiency improved indices of atherosclerosis in both ApoE- (Michelsen et al., 2004) and LDL receptordeficient mice (Ding et al., 2012) . Moreover, TLR4 has an important role in the proatherogenic response of macrophages to oxidized LDL and lipid accumulation (Kazemi et al., 2005; Miller, 2005) , proinflammatory and proliferative phenotype in vascular smooth muscle cells (de Graaf et al., 2006; Yang et al., 2005b; Schultz et al., 2007) , and endothelial dysfunction (Yang et al., 2005a; Liang et al., 2013) . On the other hand, the contribution of TLR5 to atherosclerosis is relatively sparse. Although TLR5 is expressed in the vasculature (Pryshchep et al., 2008) and macrophages (Descamps et al., 2012) , the contribution of TLR5 to atherogenesis is limited at this stage (Erridge et al., 2008; Lopez et al., 2012) .
Of the endosomal TLRs, TLR3 has been observed to promote atherogenic inflammation and dysfunction in endothelial cells (Zimmer et al., 2011) , vascular smooth muscle cells (Yang et al., 2006) , hematopoietic immune cells (Lundberg et al., 2013) , and macrophages (Kazemi et al., 2005) . Moreover, TLR3 plays a critical role in mediating atherosclerotic plaque instability, in part by modulation of macrophage matrix metalloproteinases-2 and -9 activities (Ishibashi et al., 2013) . The contribution of endosomal TLR7 is beginning to emerge as a mediator of vascular remodeling and foam cell accumulation (Karper et al., 2012) . Finally, endosomal TLR9 has been observed to propagate inflammation in response to vascular injury (Erridge et al., 2008; Lopez et al., 2012; Hirata et al., 2013) , foam cell accumulation, and lesion formation (Niessner et al., 2006; Kim et al., 2009a; Sorrentino et al., 2010; Karper et al., 2012) and in LDL receptor-deficient mice (Ding et al., 2013) .
In contrast to the abundance of literature suggesting a deleterious contribution of TLRs to atherosclerosis, especially TLR2 and TLR4 Curtiss and Tobias, 2007) , some evidence suggests that TLR can ameliorate atherogenesis. Interestingly, this has predominantly been shown for endosomal TLRs. TLR3 has been observed to have a protective effect onvthe vascular wall after mechanical and hypercholesterolemia-induced arterial injury (Cole et al., 2011) , and this protective effect may have stemmed from the ability of TLR3 to induce the expression of cytoprotective and anti-inflammatory glycoprotein clusterin/apolipoprotein J (Baiersdorfer et al., 2010) . Moreover, TLR7 activation constrains inflammatory macrophage activation and cytokine production Toll-like Receptors and the Vasculature (Salagianni et al., 2012) . Finally, genetic deletion of TLR9 exacerbated atherosclerosis in ApoE-deficient mice fed a high-fat diet and a TLR9 agonist reduced lesion severity, collectively indicating that TLR9 constrains the atherogenic process (Koulis et al., 2014) .
Overall the data suggest that TLRs participate in atherosclerosis pathogenesis (Vink et al., 2004) . Inappropriate or excessive inflammation in response to PAMPs and DAMPs initiate and progress the pathogenesis of atherosclerosis (Falck-Hansen et al., 2013) . Proatherogenic mechanisms of TLR activation include mediating the dysfunction of vascular cells, recruiting macrophages and other immune cells to the site of vascular injury, stimulating the formation of foam cells, and contributing to plaque destabilization. On the other hand, a few investigations have observed an antiatherogenic effect of TLRs in atherosclerosis (Baiersdorfer et al., 2010; Cole et al., 2011; Salagianni et al., 2012; Koulis et al., 2014) , which fits more in line with their evolutionarily conserved function (Mann, 2011) . Amplifying these positive effects, and minimizing the negative effects, should be the goal of researchers in the TLR and atherosclerosis field moving forward.
B. Hypertension
The development and maintenance of hypertension is subject to substantial debate regarding the contribution of kidneys, autonomic nervous system, and vasculature (McCarthy et al., 2014) . However, uncontrolled immune system activation and inflammation have been proposed as a unifying mechanism between these three organ systems. Thus, TLRs represent potential candidates that mediate this aberrant inflammation (McCarthy et al., 2014; .
TLR4 is the most well-defined TLR involved in the etiology of hypertension (McCarthy et al., 2014) . This may stem from the known association between TLR4 and angiotensin II, which some have classified as a DAMP (Erridge, 2010; McCarthy et al., 2014) . TLR4 significantly contributes to the etiology of vascular dysfunction and high blood pressure in various experimental models of hypertension, such as the spontaneously hypertensive rat (SHR) and rats with angiotensin II-induced hypertension (De Batista et al., 2014; Hernanz et al., 2015) . Similarly, TLR4 plays a role in paraventricular nucleusmediated autonomic dysfunction in SHR (Dange et al., 2015) and in rats with angiotensin II-induced hypertension (Dange et al., 2014) . Less is known about the contribution of TLR4 on hypertensive kidney dysfunction; however, renal denervation can significantly decrease myocardial TLR4 expression in SHR (Jiang et al., 2012) , and angiotensin II upregulates TLR4 expression on mesangial cells (Wolf et al., 2006) .
Given the abundance of literature supporting the role of TLR2 in atherogenesis (Curtiss and Tobias, 2007) , it is somewhat surprising that to date there are only limited data supporting the contribution of TLR2 to hypertension (McCarthy et al., 2014) . Nonetheless, TLR2 has been observed to mediate the dysfunction of several cell types that contribute to the development of hypertension. In endothelial cells, high-density lipoprotein from patients with chronic kidney disease activated TLR2 (independently of TLR1 and TLR6) and reduced nitric oxide bioavailability, leading to impaired endothelial repair, enhanced inflammation, and increased arterial pressure (Speer et al., 2013) . In renal tubular epithelial cells, it was observed that TLR2 upregulated NACHT, leucine rich repeats, and PYD domains containing protein 3 inflammasome, as well as its substrate IL-1b (Kasimsetty et al., 2014) , and TLR2-NF-kB signaling significantly contributed to renal ischemiareperfusion injury (Khan et al., 2012) . Similarly, TLR5 has not been directly linked with hypertension, but it has been linked with metabolic syndrome, in which hypertension is one defining characteristic. Specifically, TLR5 knockout mice developed metabolic syndrome, including elevated blood pressure compared with wildtype controls (Vijay-Kumar et al., 2010) .
Currently, no investigations exist on arterial hypertension for the endosomal TLRs 3, 7, or 8. However, TLR3, TLR7, and TLR8 have all been associated with maternal hypertension in rodent models with preeclampsia-like symptoms (Tinsley et al., 2009; Chatterjee et al., 2011 Chatterjee et al., , 2012 Chatterjee et al., , 2013 Chatterjee et al., , 2015 Ishimoto et al., 2013; Kopriva et al., 2013) . Moreover TLR7/8, as well as TLR9, from SHR splenocytes evoked the greatest proinflammatory responses to angiotensin II when primed with their respective exogenous ligands (Harwani et al., 2012) .
Recently, TLR9 has come to the fore as contributor to hypertension and blood pressure regulation. In addition to TLR9 activation in SHR splenocytes (Harwani et al., 2012) , TLR9 inhibition in SHR lowered blood pressure. Furthermore, TLR9 activation increased blood pressure and induced vascular dysfunction in male normotensive rats and induced maternal hypertension in pregnant rats (Goulopoulou et al., 2012) . Moreover, TLR9 has been observed to be a negative regulator of cardiac vagal tone and baroreflex function (Rodrigues et al., 2015) .
Overall these investigations provide evidence in support of the participation of TLRs in the etiology of hypertension or hypertension-related disorders (i.e., preeclampsia). To our knowledge, no reports in the hypertension field have suggested that activation of TLRs have beneficial or preconditioning effect on blood pressure or hallmark organ dysfunctions (i.e., kidney, autonomic nervous system, or vasculature). Thus, the therapeutic value of TLRs in hypertension remains to be explored.
C. Stroke/Cerebrovascular Injury
Cerebral ischemia triggers acute inflammation, which can exacerbate brain damage caused by stroke 150 (Shichita et al., 2014) . The regulation of inflammation after stroke is multifaceted and comprises vascular effects, distinct cellular responses, cell death, and chemotaxis (Downes and Crack, 2010) . There are many cell types that are affected including neurons, astrocytes, microglia, and endothelial cells, all responding to the resultant neuroinflammation in different ways (Downes and Crack, 2010) . TLRs are expressed on these endogenous brain cells, as well as the infiltrating immune cells that access lesions due to break down of the blood-brain barrier. The roles of TLRs in stroke and cerebrovascular injury can be classified into two major categories: 1) TLR activation postischemia that mediates neuroinflammation and neurodegeneration and 2) TLRs stimulation before ischemia that is neuroprotective and preconditions the brain to tolerate hypoxia and nutrient deprivation (Fadakar et al., 2014) .
TLR2-deficient mice are protected against cerebral ischemia-induced cell injury and death (Lehnardt et al., 2007; Tang et al., 2007; Ziegler et al., 2011) and leukocyte and microglial infiltration into the brain (Ziegler et al., 2011) . Moreover, ischemia causes an increase in TLR2 expression in neurons (Tang et al., 2007) and lesion-associated microglia (Lehnardt et al., 2007) . Of clinical relevance, the amount of brain damage and neurologic deficits caused by a stroke were significantly less in mice deficient in TLR2 compared with wild-type controls (Tang et al., 2007 ). An interesting temporal paradox has also been reported in TLR2-deficient mice. Although the acute ischemic lesions (24 to 72 hours) have been observed to be smaller in TLR2-deficient mice, the subsequent innate immune response was reported to be more pronounced at later time points (day 7) and resulted in an exacerbation of the ischemic lesion (Bohacek et al., 2012) . Despite these data suggesting a deleterious contribution of TLR2 in stroke, others have observed that preconditioning with a TLR2 ligand protected the brain from ischemia-reperfusion injury (Hua et al., 2008 (Hua et al., , 2009 ), possibly through a TLR2/ PI3K/protein kinase B-dependent mechanism (Lu et al., 2011) .
Similarly, it has been observed that TLR4-deficient mice have reduced ischemic injury (Cao et al., 2007; Caso et al., 2007; Hua et al., 2007 Hua et al., , 2009 Sansing et al., 2011 ) and a TLR4 antagonist reduces neuroinflammation and neurologic deficits after intracerebral hemorrhage . On the other hand, TLR4-deficient mice showed less preconditioninginduced neuroprotection than wild-type controls (Pradillo et al., 2009 ). This neuroprotective effect may be attributed to the ability of TLR4 to promote neurogenesis after stroke by promoting neuroblasts migration and increasing the number of new neurons (Moraga et al., 2014) .
Similar to the atherosclerosis and hypertension literature, less is understood about TLR5 in stroke and cerebrovascular injury. Nonetheless, TLR5 has been implicated in neuroinflammation postischemia. The anti-inflammatory agent luteolin protected the brain from the ischemic damage through downregulation of TLR5 (and TLR4) (Qiao et al., 2012) .
Of the endosomal TLRs, TLR3 induces a neuroprotective tolerance against subsequent ischemia via preconditioning Pan et al., 2014; Zhang et al., 2015) , although this has not always been the case (Hyakkoku et al., 2010) . Expression of TLR7 and TLR8 is associated with poorer outcome and greater inflammatory responses in acute ischemic stroke patients (Brea et al., 2011) . A TLR8 agonist increased neuronal cell death during oxygen-glucose deprivation, and in vivo administration increased mortality, neurologic deficit, and T cell infiltration after stroke (Tang et al., 2013) . On the other hand, TLR7 preconditioning mediated neuroprotection against subsequent ischemic injury through type I IFN-mediated mechanism (Leung et al., 2012) . Finally, TLR9 contributed to ischemic brain injury (Hyakkoku et al., 2010; Zhang et al., 2013) and TLR9 expression showed pronounced and dynamic changes predominantly in microglia (Ji et al., 2015) . On the other hand, TLR9 activation induced neuroprotection against ischemic injury by increasing serum TNF-a (Stevens et al., 2008) and activating PI3K/protein kinase B-dependent signaling .
Overall these data suggest a dual function of TLRs in stroke and cerebrovascular injury. Although TLRs contribute significantly to neuroinflammation and cerebral injury immediately postischemic events, controlled modulation of their signaling may precondition individuals at risk for stroke and may improve clinical outcomes, such as lesion size and neurologic deficits. Nonetheless, future studies are required to investigate the optimal dose and time course of TLR-targeted therapies.
IV. Toll-like Receptor Ligands in Cardiovascular Disease
A. Infections, Pathogens, and Cardiovascular Disease
Epidemiologic studies have reported positive associations between the risk of cardiovascular disease morbidity and mortality and markers of infection. In a clinical study, 75% of patients with coronary artery disease had been exposed to at least three of five pathogens tested, and the increasing risk of coronary artery disease was associated with the increasing aggregate number of pathogens (Zhu et al., 2000) . Human cytomegalovirus has been implicated in atherosclerosis, coronary heart disease, and hypertension (Speir et al., 1994; Li et al., 2011; Haarala et al., 2012) . It has been proposed that bacterial or viral infection contribute to the pathogenesis of atherosclerosis either via direct or indirect mechanisms. Direct mechanisms involve infection of vascular cells, whereas indirect mechanisms involve cytokine-and acute phase Toll-like Receptors and the Vasculature protein-induced effects on nonvascular sites (Rosenfeld and Campbell, 2011) . Clinical trials have failed to demonstrate a positive effect of antibiotics in the reduction of risk for cardiovascular disease, and this evidence led to dismissal of the potential role of pathogens in the pathogenesis of atherosclerosis (O'Connor et al., 2003; Cannon et al., 2005; Grayston et al., 2005; Jespersen et al., 2006) . The Oral Infections and Vascular Disease Epidemiology Study (INVEST) investigated whether periodontal bacteria were associated with prevalent hypertension and elevated continuous blood pressure measurements (Desvarieux et al., 2010) . A strong positive association was found between increased subgingival colonization by Aggregatibacter actinomycetemcomitans, Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola and prevalent hypertension, and this association was stronger among men than women (Desvarieux et al., 2010) . Chronic infections, such as periodontitis, chronic bronchitis, and the pathogens Helicobacter pylori, Chlamydia pneumoniae, or cytomegalovirus all increase risk of ischemic stroke (Grau et al., 2010) . Similar to studies in atherosclerosis, it has been shown that the aggregate burden of chronic and past infections rather than any one single infectious disease is associated with the risk of stroke (Grau et al., 2010) . Interestingly, influenza vaccination in the previous year was associated with approximately a 50% reduction in the odds of stroke (Lavallee et al., 2002; Grau et al., 2005) . Antibiotic prophylaxis has not been found effective in preventing ischemic stroke (Grau et al., 2010) . Although the use of antibiotics as preventative approach for post-stroke infection has been considered, recent studies showed that did not support the use of preventive antibiotics in adults with acute stroke (Westendorp et al., 2015) . Taken together, these data suggest that although there is an association between infections and cardiovascular disease, randomized controlled clinical trials do not support the hypothesis that bacterial and viral infections are causal in the development of cardiovascular disease.
B. Damage-Associated Molecular Patterns Are Novel Mediators of Sterile Inflammation
Chronic inflammation as a result of uncontrolled immune system activation contributes to cardiovascular diseases (McCarthy et al., 2014) , but as discussed previously, the association between these events cannot be fully attributed to bacterial and viral infections. Innate immune system recognition and response to DAMPs is becoming an increasingly accepted mechanism. DAMPs are endogenous molecules that are normally compartmentalized within cellular membranes and protected from exposure to components of the immune system. However, when a cell is stressed or has its plasma membrane ruptured, these endogenous molecules can be expressed on cell surfaces or freely diffuse into the extracellular space, respectively. The immune system senses these molecules as danger and elicits a response (Kono and Rock, 2008) . Although short-term inflammation is necessary to facilitate clearance of the danger and mediate tissue repair, inappropriate and/or chronic activation of the immune system negates its evolutionarily conserved salutary effects (Matzinger, 2002) .
Dangerous molecules that can activate TLRs are varied and numerous, including cell wall components (e.g., LPS), nucleic acids, lipids, and metabolic byproducts of PAMPs (Fig. 2) . Likewise, potential DAMPs include lipids, nucleic acids, and proteins from cellular sources such as extracellular matrix and organelles. Table 2 provides several examples of DAMPs specific to the cardiovascular diseases discussed in this review (atherosclerosis, hypertension, and stroke/ cerebrovascular injury) and their corresponding TLRs. This list is by no means exhaustive, because many other unknown molecules may fulfill the inclusion criteria of being DAMPs and TLR ligands (e.g., neoantigens).
As alluded to above, the mitochondrion has emerged as an organelle that serves as a significant source of DAMPs (Krysko et al., 2011; Wenceslau et al., 2014) . Mitochondria were once prokaryotic organisms that entered into the eukaryotic cells to become organelles essential for ATP synthesis (endosymbiosis) (Sagan, 1967) . This ancestry of mitochondria means they still express evolutionarily conserved similarities to bacteria, including translation of their peptides beginning with an N-formyl methionine residue and their DNA being predominately unmethylated CpG dinucleotides (Krysko et al., 2011; Wenceslau et al., 2014) . Therefore, when mitochondria are released into the circulation as DAMPs, these mitochondrial components are recognized by PRRs of the innate immune system PAMPs, subsequently driving a sterile inflammatory response. As a result, mitochondrial DAMPs are emerging as significant contributors to acute (Zhang et al., 2010; Wenceslau et al., 2015) and chronic (Oka et al., 2012; McCarthy et al., 2015) sterile disease. In addition to mitochondrial DNA and N-formylated peptides, other mitochondrial DAMPs include cardiolipin (Tuominen et al., 2006; Sherer et al., 2007) , ATP (Ferrari et al., 1997; Gorini et al., 2013) , mitochondrial transcription factor A (Chaung et al., 2012; Julian et al., 2012) , and cytochrome c (Adachi et al., 2004) .
C. Mechanisms of Damage-Associated Molecular Pattern Presentation in Cardiovascular Disease
In most cases, the participation of DAMPs as inflammatory mediators in cardiovascular disease presumes that cell death is an instigating mechanism of their release. Figure 4 demonstrates the concept that circulating DAMPs released after hypoxia, trauma, and cell death lead to TLR activation in immune cells, endothelial cells, and vascular smooth muscle cells.
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Prolonged or excessive activation of TLRs on these cells provide a proinflammatory state leading to endothelial dysfunction and subsequent cardiovascular disease (McCarthy et al., 2014; Wenceslau et al., 2014) . However, determining whether cell death primarily drives pathophysiology or is a secondary bystander is difficult. Although there are many forms of cell death, it has generally been thought that necrotic cell death was the primary source of proinflammatory DAMPs, because of disintegration of the plasma membrane and release of intracellular constituents (Miyake and Yamasaki, 2012) . However, apoptosis can also be immunogenic as a result of the programmed release of immunostimulatory molecules (Krysko et al., 2011; Davidovich et al., 2014) . Therefore, release of DAMPs can either be a passive secretion into the extracellular environment due to cell death or damaged extracellular matrix, an active release into the extracellular environment, or exposure on the surface of cells (e.g., neoantigens). The secretion and exposure mechanisms are results of cellular stress. This emphasizes that cell death is not an absolute precursor to participation of DAMPs in the pathophysiology of cardiovascular disease. We refer the reader to the following reviews for more information on the cell death in cardiovascular diseases (Zheng et al., 2011) and the emerging classifications of DAMPs.
V. The Therapeutic Potential of Toll-like Receptors in Cardiovascular Disease
TLRs and their associated signaling molecules have been exploited as possible targets for drug development. O'Neill et al. (2013) , the validation criteria to determine if a TLR is a good therapeutic target for certain diseases are: 1) expression of the receptor in the disease state of study, 2) evidence showing that activation of the receptor leads to exacerbation of the disease phenotype in experimental models, 3) data demonstrating that mice deficient of a specific TLR are protected against the disease, and 4) evidence that certain TLR polymorphisms are associated with predisposition to the specific disease. The involvement of TLRs in cardiovascular diseases is a recent scientific breakthrough, and validation of the above criteria comprises exciting work in progress. As details of TLR biology and signaling pathways in cardiovascular disease are uncovered, a heightened interest in targeting of TLRs for the prevention and treatment of these diseases is emerging. In particular, TLR antagonism has been successfully employed in various experimental models of cardiovascular disease. However, these efforts are still at the experimental level.
A. Toll-like Receptor Signaling Inhibition
Cardiovascular diseases such as hypertension, stroke, and atherosclerosis are chronic inflammatory conditions. Because inflammation characterizes most TLR responses, TLR inhibition has been employed as the primary pharmacological approach in experimental models of cardiovascular disease. Pharmacological approaches of TLR signaling inhibition include TLR antagonists, neutralizing antibodies, small molecules, and agents that block protein-protein interaction. Table 3 summarizes the current applications of TLR inhibition at the experimental level.
Efforts to inhibit TLR4 recognition of LPS led to the development of lipid A analogs that advanced into clinical trials for sepsis (Tidswell et al., 2010; Opal et al., 2013) . Eritoran (Eisai, Inc., Woodcliff Lake, NJ), an analog of the lipid A portion of bacterial-derived LPS, is a TLR4 antagonist that was developed for the treatment of severe sepsis. Eritoran does not directly inhibit TLR4, but instead, it competitively binds to a large internal pocket of MD-2 and terminates TLR4/MD2-mediated signaling (Rossignol and Lynn, 2002; Mullarkey et al., 2003; Rossignol et al., 2004) . In addition to sepsis, the effects of Eritoran have been investigated in some experimental models of cardiovascular diseases. Eritoran protected mice from myocardial ischemia and reduced infarct size (Shimamoto et al., 2006b) , attenuated cardiac hypertrophy in a mouse model of aortic constriction (Ehrentraut et al., 2011) , attenuated ischemia/reperfusion-related inflammation and improved the course of kidney ischemia/ reperfusion injury (Liu et al., 2010a) , and reduced inflammatory gene expression in a rat model of myocardial ischemia/reperfusion (Shimamoto et al., 2006a) . The beneficial effects of Eritoran are due to its ability to inhibit TLR4-induced NF-kB activation. An advantageous role of Eritoran in cerebral infarction has also been suggested (Buchanan et al., 2010) . Although this compound is too large to pass the blood-brain barrier, it is possible that after a stroke, which compromises the barrier, Eritoran and other large molecules can pass and provide their beneficial actions.
Neutralizing antibodies, such as the neutralizing antibody against the extracellular domain of TLR2, T2.5, have inhibitory effects on TLR-mediated proinflammatory signals (Meng et al., 2004) . T2.5 was shown to antagonize TLR2-induced activation of mouse and human macrophages both in vitro and in vivo (Meng et al., 2004) . In a mouse model of transient brain ischemia, treatment with T2.5 reduced inflammation and neural death (Ziegler et al., 2011) . More recently, it was reported that inhibition of TLR2 with T2.5 protected against angiotensin II-induced cardiac fibrosis by attenuating macrophage recruitment and the inflammatory response in the heart. The humanized anti-TLR2 monoclonal antibody OPN305 has shown promising results for the prevention of myocardial ischemia/reperfusion injury (Arslan et al., 2012) . OPN305 is able to block both TLR2/1-and TLR2/6-mediated signaling, reducing TLR2-mediated proinflammatory cytokine production. In 2009, OPN305 was given orphan status for the prevention of ischemia/ reperfusion injury associated with solid organ transplantation (Connolly and O'Neill, 2012) . Preclinical studies have reported beneficial effects of OPN305 on other diseases, such as kidney ischemia/reperfusion injury (Farrar et al., 2012) . In a subsequent phase I, prospective randomized, double-blind, placebo-controlled study, OPN305 fully blocked TLR2 receptor on monocytes and was well tolerated in various doses by healthy subjects (Reilly et al., 2013) . Treatment with anti-TLR4 IgG antibody reduced mean arterial pressure, attenuated expression of IL-6 and production of reactive oxygen species, and reduced phosphorylation of p38MAPK and NF-kB in mesenteric resistance arteries of SHR . Similar responses were found in other experimental models of hypertension (Hernanz et al., 2015) .
Chloroquine, hydroxychloroquine, and quinacrine inhibit activation of endosomal TLRs (TLR3, TLR7, TLR8, TLR9). These compounds have been primarily used as antimalaria drugs. It was thought that antimalaria drugs prevent the acidification of lysosomes, where intracellular TLRs reside. However, Kuznik et al. (2011) showed that chloroquine neither inhibited endosomal proteolysis nor increased the endosomal pH. Furthermore, antimalaria compounds (i.e., chloroquine) inhibited activation of endosomal TLRs by nucleic acids, but it increased activation of TLR8 by a small synthetic compound, R848. In a similar manner, other synthetic compounds such as imidazoquinoline and propidium iodide inhibited signaling of intracellular TLRs (Kuznik et al., 2011) . A mechanism of action of antimalaria compounds and imidazoquinolines involves the ability of these compounds to mask the TLR binding epitope of nucleic acids (Kuznik et al., 2011) .
Recent evidence supports the use of chloroquine in cardiovascular diseases because of its antiinflammatory effects. Using a rat model of transient global cerebral ischemia, Cui et al. (2013) showed that cerebral ischemia reduced learning and memory capacity and increased expression of TLR3, interferon regulatory factor 3 (IRF3), and IFN-b in the hippocampus. Chloroquine pretreatment enhanced rats' short-term spatial memory capacity and attenuated the expression of TLR3, IFR3, and IFN-b in the hippocampus Atherosclerosis, myocardial ischemia/reperfusion injury, cardiac hypertrophy
Toll-like Receptors and the Vasculature compared with nontreated rats. In a murine model of lupus, chronic hydroxychloroquine treatment did not alter lupus disease activity but reduced hypertension and aortic endothelial dysfunction (Gomez-Guzman et al., 2014) . Furthermore, chloroquine and hydroxychloroquine had beneficial effects on experimental pulmonary hypertension via inhibition of autophagy and lysosomal bone morphogenetic protein type II receptor degradation (Long et al., 2013) . Immunoregulatory DNA sequences [i.e., oligonucleotides (ODN)] have been used to neutralize the stimulatory effect of CpG ODNs. TTAGGG repeats that form G-tetrads and are present at high frequency in mammalian telomeres disrupt colocalization of CpG DNA with TLR9 in endosomal vesicles without affecting cellular binding and uptake (Gursel et al., 2003) . This disruption suppresses the inflammatory signaling that is initiated by the interaction between CpG DNA and TLR9 (Gursel et al., 2003) . ODN 2088 is another potent inhibitory antagonist of TLR9 that derives from a stimulatory ODN by replacement of three bases (Stunz et al., 2002) . We previously showed that in vivo treatment with ODN 2088 reduced systolic blood pressure in spontaneously hypertensive rats, a genetic model of hypertension . These oligonucleotides have been reported to be potent in both human and mice (Duramad et al., 2005) .
The effects of currently available anti-inflammatory cardiovascular drugs on TLR signaling were recently studied. Angiotensin II receptor blockers are commonly used as antihypertensive medication. In addition to its hypertensive and constrictor effects, angiotensin II has inflammatogenic properties. Interestingly, preclinical and clinical studies show that in addition to their hypotensive actions, angiotensin II receptor blockers have anti-inflammatory and antiatherosclerotic effects independent from blood pressure reductions (Navalkar et al., 2001; Sironi et al., 2004; Varagic et al., 2008) . Stimulation of vascular smooth muscle cells with angiotensin II increases TLR4 mRNA levels (Otsui et al., 2007) . In rodent models of ischemia/reperfusion injury, Valsartan (Beijing Novartis Pharma Ltd., China) reduced infarct size and production of inflammatory cytokines because of its effects on TLR4-mediated NF-kB activation (Yang et al., 2009a) . PAM3CSK4 and LPS induced TLR2 and TLR4 mRNA and protein expression in human monocytes, and candesartan inhibited these actions (Dasu et al., 2009) .
Statins, a lipid lowering class of drugs that also reduces cardiovascular events, may provide an additional level of protection against cardiovascular disease because of their inhibitory effects on TLR signalinginduced inflammation. Fluvastatin attenuated the elevated expression of TLR4 in monocytes from whole blood of patients with heart failure (Foldes et al., 2008) and inhibited the expression levels of TLR4, TNF-a, and NF-kB in a rat model of ischemia-reperfusion (Yang et al., 2011a) . Simvastatin induced a reduction in TLR4 expression in human monocytes (Methe et al., 2005) . Atorvastatin reduced the expression of TLR4 protein and mRNA and inhibited NF-kB activation in atherosclerotic plaques (Fang et al., 2014) . Investigating the effects of anti-inflammatory effects of atorvastatin in murine pro-B cell lines, previous studies showed atorvastatin did not exert its inhibitory effect via TLR4 receptor-ligand binding mechanism, but instead, it impaired TLR4 recruitment into the lipid raft (Chansrichavala et al., 2010) . Furthermore, atorvastatin inhibited NF-kB activation by stabilizing IkBa and inactivating ERK phosphorylation and reducing LPSinduced TLR4 mRNA expression in human umbilical vein endothelial cells . These effects were similar to those accomplished by TLR gene silencing.
B. Toll-like Receptor Signaling Activation
The most widely explored application of TLR agonists is their use as vaccine adjuvants. Specific TLR agonists with low toxicity and high potency are preferred over other adjuvants for the development of prophylactic vaccines (Wille-Reece et al., 2005; Halperin et al., 2006; Gupta et al., 2014; Bortolatto et al., 2015) . Furthermore, preclinical data support the use of TLR3, TLR4, TLR7, and TLR7/8 agonists to enhance vaccines against cancer and viral diseases (Patel et al., 2014; Zhao et al., 2014; Shirota et al., 2015) . TLR agonists that induce a shift in T H 2/T H 1 ratio have also been developed for treatment of allergic diseases and asthma (Asai et al., 2008; Horak, 2011; Aryan et al., 2014) . In addition, combination of existing modes of therapy (i.e., radiation) with TLR agonists has been suggested as promising therapy for cancer (Mason and Hunter, 2012) . Because cardiovascular diseases are associated with inflammation, TLR activation seems counterintuitive. Nevertheless, TLR activation has been found to be advantageous before ischemic insults. Low doses of the TLR2 agonists Pam3CSK4 (a synthetic diacylated lipopeptide) or peptidoglycan before myocardial ischemia/reperfusion injury reduced infarct size, cardiac function, and the susceptibility of the myocardium to damage (Ha et al., 2010; Mersmann et al., 2010) . Peptidoglycan stimulation increased TLR2 tyrosine phosphorylation and enhanced association of the p85 subunit of phosphoinositide 3-kinase with TLR2 (Ha et al., 2010) . In a similar manner, administration of TLR ligands before brain ischemia has neuroprotective effects (as explained in section IV.C). Reprogramming of TLR signaling activity is the proposed mechanism of the beneficial effects of TLR agonism before ischemic events (Navi et al., 2013) . LPS-induced TLR4 activation before myocardial ischemia has been also shown to have cardioprotective effects (Zacharowski et al., 2000) . These effects have been primarily attributed to a TLR4-mediated increased production in inducible nitric oxide synthase and nitric 156 oxide with improvements in ventricular function (Wang et al., 2011a) .
C. Novel Approaches for Targeting Toll-like Receptor Signaling
Inflammation associated with cardiovascular diseases is more likely the result of activation of more than one TLR. Thus, it is reasonable to hypothesize that a pharmacological approach targeting the downstream signaling rather than the receptor ectodomains would be more advantageous in the prevention and treatment of cardiovascular disease-associated inflammation. The cytosolic TIR domain mediates TLR signaling and is the common structural feature between TLRs and TLR adapter proteins . In the early stages of TLR signaling, there are multiple interactions of TIR domains of TLRs and their adapters that mediate adapter recruitment, assembly, and stabilization of TLR signaling complex (Fekonja et al., 2012a) . Interruption of these interactions has been accomplished using decoy peptides derived from TIR domains, TIRAP/MAL, and TRAM and resulted in inhibition of TLR signaling in vitro and in vivo (Jeyaseelan et al., 2005; Couture et al., 2012; Piao et al., 2013b) . These efforts identified novel TLR inhibitory peptides that were able to block TLR signaling at low micromolar concentrations. Furthermore, these studies provided novel insights into the structural interactions and function of TIR domains that could potentially augment the efficacy of TLR agonists and antagonists. Fekonja et al. (2012b) showed that the addition of a strong-coiled coil dimerization domain determined the degree of inhibition against various TLRs and prevented activation of the dimeric TIR platform and Piao et al. (2013a) identified TRIF sites that are important for interaction with TLR4 and TRAM. Intense interest in the BB loop of TIR domain has guided research efforts in the development of inhibitory peptides (Toshchakov et al., 2007 (Toshchakov et al., , 2011 Piao et al., 2013a) . The BB loop peptides, however, lack specificity for a specific TLR or TLR-adapter complex because they bind to proteins containing TIR domains with variable affinity (Toshchakov et al., 2007 (Toshchakov et al., , 2011 Fekonja et al., 2012a; Piao et al., 2013a) . Other inhibitory peptides including INT peptides (derived from the N terminus of the intermediary domain of MyD88) and VIPER peptides (derived from vaccinia virus protein A46) have been also used. INT peptides inhibit MyD88-dependent signaling pathways and suppress the production of inflammatory cytokines (Avbelj et al., 2011) , whereas VIPER peptides target TLR4 adapters Mal/TIRAP and TRAM (Stack et al., 2005) .
Peptidomimetics have been developed with a goal to increase stability, internalization, pharmacological properties, and receptor sensitivity (Fekonja et al., 2012a) . The BB loop of TIR domain was also the starting point for the development of these peptidomimetics. ST2825, EM77, and EM110 are peptidomimetic agents that inhibit the interaction between MyD88 with TLR4 (Loiarro et al., 2007) . These compounds mimic the BB loop structure of MyD88 and interrupt the interaction between IL-1R and MyD88 (EM77, EM110) (Davis et al., 2006) or inhibit homodimerization of MyD88 (ST2825) (Loiarro et al., 2007) . In vivo treatment with ST2825 protected against left ventricular dilation and hypertrophy in a murine model of acute myocardial infarction (Van Tassell et al., 2010) . MyD88 inhibitors provide the possibility of attenuating TLR signaling rather than completely inhibiting the action of the receptors. TAK-242 is specific inhibitor of protein interactions between TLR4 and MAL/TIRAP or TRAM. Specifically, it binds TLR4 via Cys747 in the TIR domain, affecting the recruitment of adapters to the signaling complex (Matsunaga et al., 2011) . TAK-242 reduced markers of acute kidney injury in endotoxemic sheep (Fenhammar et al., 2011) , attenuated inflammatory injury in a mouse model of intracerebral hemorrhage , and reduced acute cerebral ischemia/reperfusion injury and expression of inflammatory cytokines in mice (Hua et al., 2015) .
Inhibitory peptides and peptidomimetics have relatively weak potency for TLRs, and therefore, high concentrations must be used for effective blockade. To counteract this problem, protein inhibitors with greater inhibitory potency have been used. Mutated forms of TLR adapters have been shown to inhibit TLR signaling as dominant negative (dn) mutants (Fekonja et al., 2012a) . A dominant-negative form of MyD88 was used in cultures of cells isolated from atherosclerotic plaques and reduced the production of cytokines and inflammatory mediators (Monaco et al., 2009) . In vivo treatment with dnMyD88 prevented ischemia/reperfusion injury in rats via inhibition of NF-kB (Hua et al., 2005) and reduced cardiac hypertrophy and cardiac myocyte apoptosis in pressure overload-induced cardiac hypertrophy in mice (Ha et al., 2006) . microRNAs are key mediators of inflammation and play a significant role as negative or positive regulators of TLR signaling (Sheedy and O'Neill, 2008) . They bind to messenger RNA of a target gene, promoting its degradation or inhibiting protein translation (Hennessy et al., 2010) . Several microRNAs are highly expressed in the vasculature and have the ability to modulate vascular smooth muscle cell phenotype (Kang and Hata, 2012) . microRNAs are dysregulated in vascular diseases (Kang and Hata, 2012; Zhao et al., 2015) . Recently, Satoh et al. (2015) demonstrated that circulating TLR4-responsive microRNAs (miR-31, miR-181a, miR-16, miR-145) were lower in patients with coronary artery disease. MiR-146a directly targets TLR4 signaling by interacting with IRAK1/TRAF6 (Taganov et al., 2006) and has been shown to inhibit oxidized LDLinduced foam cell formation and inflammatory response in macrophages, suggesting a potential role of miR-146a in atherosclerosis (Yang et al., 2011b) . Circulating Toll-like Receptors and the Vasculature microRNAs are currently viewed as novel biomarkers for various diseases and, because of their short length, they serve as a great platform for drug development (Hennessy et al., 2010) . Manipulating TLR-regulated microRNAs with antagomirs and locked nucleic acid microRNA inhibitors has been proposed as a novel approach for targeting TLR signaling (Sheedy and O'Neill, 2008) .
Ubiquitination is an essential modification within TLRs that leads to activation of NF-kB (Carpenter and O'Neill, 2009 ). During ubiquitination, ubiquitin covalently links to one or more lysine residues on target proteins through a ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitinprotein ligase (E3). TRAF6 has E3 ubiquitin-ligase activity. In vitro studies have shown that inhibition of TRAF6 abolishes autoubiquitination and cell proliferation (Guedat and Colland, 2007) . The ubiquitinproteasome system plays a role in the pathogenesis and progression of atherosclerosis . Inhibition of ubiquitin ligases or the proteasome reduces proliferation of vascular smooth muscle cells, inhibits modulation of their synthetic phenotype, and reduces neointima (Demasi and Laurindo, 2012) . Proteasome inhibitors and small molecule inhibitors targeting E3 ubiquitin ligases and deubiquitylating enzymes may also be novel approaches of suppressing TLR-induced inflammatory responses in cardiovascular diseases.
D. Challenges in Toll-like Receptor-Targeted Drug Development
The contribution of TLRs to the development of chronic inflammation in cardiovascular disease is supported by experimental and preclinical data; however, the development of TLR-targeted drugs for cardiovascular disease is still in its infancy. Recent studies from molecular immunology and pathophysiology have provided novel insights about the structural characteristics of TLRs, their ligands, their coreceptors, and associated signaling proteins. This convergence of new knowledge extends the depth and breadth of our understanding about what factors dictate TLR agonist and antagonist specificity as well as what molecular interactions should be targeted in specific clinical conditions, including cardiovascular diseases. TLR inhibition is the main focus of most research groups working on TLRs and cardiovascular disease. Designing of efficient inhibitors, however, is a challenging task that requires investigators to address issues like toxicity, specificity, and mode of delivery. Peptidomimetics and peptide and protein inhibitors may be promising therapeutics that target TLR adapters and disrupt TLR-adapter interactions. Peptidomimetics are compounds of low molecular weight that can easily translocate into the cell but they often lack specificity. Protein inhibitors, on the other hand, induce specific inhibition of the signaling but their size compromises their effective delivery into the cell. The delivery of TLR inhibitors as purified proteins has been suggested but the cost of this approach is currently prohibitory. Cell-penetrating moieties, including short cationic peptides and fatty acids, have been successfully added to inhibitory peptides to cross the cell membrane and target TLR signaling (Nelson et al., 2007; Avbelj et al., 2011) . The use of microRNAs and inhibitors of ubiquitination to suppress excessive immune system activation and inflammation may be promising, but safety and efficacy as well as specificity have not yet been addressed.
There is significant progress in our understanding of TLR signaling and its role in cardiovascular diseases; however, several challenges remain before pharmacological modulation of TLRs leads to new therapeutics for cardiovascular diseases. TLRs play a vital role in host defense against endogenous and exogenous threats and are expressed in various somatic cells. Thus, systemic inhibition of these receptors may increase the risk of infection for the host. In the case of TLR agonists, systemic activation of the receptors could lead to excessive inflammation or autoimmunity. The interactions between immune cells and the microenvironment where TLRs are activated (i.e., vascular wall) are not well understood, and their role in the progression of cardiovascular disease is not known. Efficacy studies on experimental and preclinical application of potential TLR-targeted drugs should consider the interactions between tissue microenvironment and TLRs as well as the changes that occur in this microenvironment as disease progresses. For example, in atherosclerosis the cellular composition of atherosclerotic lesions changes as the disease develops and these alterations may affect drug efficacy in chronic treatments. Regardless of these challenges, the future of targeting TLRs in cardiovascular diseases remains promising. The successful efforts with TLR agonists as adjuvants/ immunomodulators and the leaps made in the field of TLR ligand/receptor biology and signaling in the last decade have paved the path for successful TLRtargeted drug development to prevent and treat cardiovascular diseases.
VI. Conclusions and Future Directions
The recent and intense interest around PRRs, and especially TLRs, has revealed that the innate immune system makes important contributions to the development of cardiovascular disease, which are now recognized as chronic inflammatory conditions. Much remains to be learned, however, about the mechanisms whereby TLRs and the innate immune system contribute to the genesis and maintenance of cardiovascular disease. It is known that the effects of TLR signaling are not limited to the activation of immune cells but also affect the function of resident vascular cells. This 158 evidence raises questions about how TLR signaling alters the different compartments of blood vessels and the interaction between the layers of the vascular wall. Previous research has focused on TLR signaling in endothelial cells as well as immune cells that infiltrate the vascular wall (Yang et al., 2005a (Yang et al., ,b, 2006 de Graaf et al., 2006; Schultz et al., 2007; Pryshchep et al., 2008; Zimmer et al., 2011; Liang et al., 2013) . Currently, there is a growing interest in the adventitial compartment of blood vessels and in particular the adventitial fibroblast, which play an important role in regulating the structure and function of the vascular wall (Stenmark et al., 2013; El Kasmi et al., 2014) . Adventitial fibroblasts are heterogeneous and epithelioid-like subpopulations with high sensitivity to angiotensin II . These cells are immunologically active and are able to detect TLR ligands (Vink et al., 2002) and produce chemokines, cytokines, growth factors, reactive oxygen species (Stenmark et al., 2013) . Fibrocytes, a newly discovered cell type, present tissue remodeling properties of fibroblasts and inflammatory features of macrophages (Reilkoff et al., 2011) . These mesenchymal cells produce large amounts of IL-6 in response to TLR2, TLR4, and TLR7 activation (Balmelli et al., 2007) and have the ability to enter sites of injury, where they mediate wound healing. Patients with hypertensive heart disease had increased circulating levels of fibrocytes and there was a strong correlation between left ventricular mass index and fibrocyte number (Keeley et al., 2012) . Fibrocytes have also been implicated in the development of atherosclerosis and in myocardial fibrosis (Reilkoff et al., 2011) ; however, the exact mechanisms by which TLRs affect the function of these cells in the adventitial microenvironment are unclear. Figure 5 illustrates the localization of TLRs in various components of the vascular wall including the adventitial fibroblasts.
Another question to be addressed is how TLR activation alters intracellular second messenger-induced signaling in vascular cells. Accumulating evidence indicates that TLR activation modulates calcium homeostasis. Activation of TLR3, TLR4, and TLR9 in macrophages induced intracellular calcium fluxes and activated Ca 2+ /calmodulin-dependent protein kinase (CaMKII)-a (Liu et al., 2008) . This led to interaction of CaMKII-a with TAK1 and IRF3 promoting both MyD88-and TRIF-triggered efficient production of proinflammatory cytokines and type I IFN (Liu et al., 2008) . Studies in rat cardiomyocytes reported that TLR4 signaling was involved in CaMKII-induced augmentation of Ca 2+ spark-mediated sarcoplasmic reticulum Ca 2+ leak and partial depletion of sarcoplasmic reticulum Ca 2+ content. These events decreased systolic Ca 2+ transient and impaired cardiac contractility . Recently, a novel signaling transduction mechanism was observed for TLR9. This noninflammatory signaling cascade reduced sarco/ endoplasmic reticulum Ca 2+ ATPase pump 2 activity in cardiomyocytes and neurons, modulating Ca 2+ homeostasis and its handling between the endoplasmic reticulum and mitochondria, which led to a decrease in mitochondrial ATP levels and the activation of cell survival protein 59 AMP-activated protein kinase (Shintani et al., 2013) . Calcium is a second messenger Fig. 5 . Toll-like receptor (TLR) localization in cellular components of the vascular wall. TLR activation by damage-associated molecular patterns (DAMPs) sets an inflammatory response in the vessel wall and interferes with endothelium-dependent relaxation and vasoconstriction. TLR activation on endothelial cells contributes to decreased production and bioavailability of nitric oxide, exacerbated formation of cytokines and reactive oxygen species, and the release of vasoconstrictor metabolites of arachidonic acid. TLR activation on smooth muscle cells increases formation of reactive oxygen species and reduces calcium sequestration in the sarcoplasmic reticulum. Adventitial fibroblasts and fibrocytes are newly identified components of the vascular wall that may contribute to proinflammatory events via activation of TLRs. AA, arachidonic acid; ACh, acetylcholine; cGMP, cyclic guanosine monophosphate; COX, cyclooxygenase; eNOS, endothelial nitric oxide synthase; GTP, guanosine-59-triphosphate; L-arg, L-arginine; NE, norepinephrine; NO, nitric oxide; sGC, soluble guanylyl cyclase; TxA 2 ; thromboxane A 2 . Revised image based on a previously published Figure from In addition to the involvement of TLR signaling in the structure and function of the compartments and cells of the blood vessels, new research directions should target questions that have immunologic basis and cardiovascular application. Research in the field of atherosclerosis has revealed that extracellular TLRs promote proatherogenic signals, whereas activation of endolysomal TLRs has atheroprotective effects (Cole et al., 2013) . Delineating the importance of compartmentalization of TLRs and their ligands in vascular cells may lead to exciting opportunities for development of novel therapeutics that can target certain TLRs. Moreover, therapies should try to target the common downstream pathways of TLR signaling to their advantage, but also keep in mind the beneficial effects of the TLR in mediating acute inflammation (e.g., tissue repair or defense against an invading pathogen).
Another "immunological" question that could shed light into our understanding of the pathogenesis of cardiovascular disease resides in the newly proposed concepts of "trained immunity" and "innate immune memory." Recent efforts in the field of immunology provided evidence of adaptive characteristics of innate immunity, challenging the dogma that innate immunity is nonspecific. Morris et al. (2014) suggested that TLR4 activation by very low doses of endotoxin may program host leukocytes into a low-grade "memory" state, contributing to the pathogenesis of chronic diseases. This is in contrast to findings described earlier in this review that endotoxin-induced activation of TLR4 prior to ischemic events has protective effects (Zacharowski et al., 2000) . It is possible, however, that there is a "switch" between priming and tolerance of endotoxininduced TLR4 signaling, and further studies are needed to delineate the associated molecular mechanisms. Interestingly, individuals with lifestyles that involve smoking and drinking (risk factors for cardiovascular disease) have increased levels of endotoxin in their circulation (Cani et al., 2008; Manco et al., 2010; Sun et al., 2010) . Furthermore, low circulating levels of endotoxin may lead to enhanced pathogenesis of atherosclerosis (Stoll et al., 2004 (Stoll et al., , 2006 ). An interesting question includes mechanisms by which TLRs mediate the interaction between innate immune memory and dysfunction of cardiovascular tissues. Furthermore, it is not well understood at which stage of cardiovascular disease the involvement of TLRs begin. Are TLRs the instigators or the propagators of cardiovascular disease? These and many more questions make research in the field of TLRs and cardiovascular disease innovative, intriguing, and promising. Most importantly, such research sets high expectations for the development of novel therapeutics for the prevention and treatment of cardiovascular disease.
